Abstract: Electrically tunable metasurfaces with graphene offer design flexibility to efficiently manipulate and control light. These metasurfaces can be used to generate plasmon-induced reflectance (PIR), which can be tuned by electrostatic doping of the graphene layer. We numerically investigated two designs for tunable PIR devices using the finite difference time-domain (FDTD) method. The first design is based on two rectangular antennas of the same size and a disk; in the second design, two parallel rectangular antennas with different dimensions are used. The PIR-effect was achieved by weak hybridization of two bright modes in both devices and tuned by changing the Fermi level of graphene. A total shift of ∼362 nm was observed in the design with the modulation depth of 53% and a spectral contrast ratio of 76%. These tunable PIR devices can be used for tunable enhanced biosensing and switchable systems.
Introduction
Electromagnetically induced transparency (EIT) is a quantum interference phenomenon taking place between two laser excitation pathways [1, 2] . The outcome of the EIT-effect is a transparent window within the absorption curve of a medium [3, 4] . This effect is suitable for slow light applications [5] , biosensing [6, 7] , optical storage [8] , optical switching [9] , and future quantum information processing devices [10] . Recently, the possibility of merging plasmonics and metamaterials has led to the achievement of analogues of the EIT system, and is known as plasmon-induced transparency (PIT). The PIT effect has been observed in different structures, such as hybrid metal-graphene metasurfaces [11] [12] [13] [14] [15] , integrated photonics [16] , metallic nanoparticles [17, 18] , wave-guide systems [19, 20] , and plasmonic coupled cavities [21, 22] . The metasurfaces [23] [24] [25] [26] [27] [28] can be tuned electrically [29] [30] [31] [32] [33] [34] [35] [36] , thermally [37] , and mechanically [38] .
The size and shape of these structures provide different resonances depending on the coupling of the modes with the incident light. The bright modes are radiative and spectrally broadened due to the direct coupling of incident light. On the other hand, the dark modes-which do-not couple directly to light-can be weakly damped and spectrally narrow. The PIT effect can be realized by the weak hybridization/detuning of two bright modes [39, 40] or by the destructive interference of dark-bright modes [13] . Recently, the hybrid designs have been used to obtain a tunable PIT response [12, [41] [42] [43] [44] . These designs are based on a graphene layer at the bottom of metasurfaces which tunes the PIT effect at different Fermi levels (E f ). However, these designs are limited to operation in specific wavelength ranges due to the limitations of transparent substrates [14, 15, 40] .
An alternative to PIT called plasmon-induced reflectance (PIR) was initially proposed by Ding et al. [45] . This design is based on a cut wire serving as a dark mode and a split ring resonator serving as a bright mode to achieve PIR. Recently, Lie et al. suggested the use of graphene to obtain electrically tunable devices, as the field localization for the graphene layer is increased four-fold on top of the reflecting surface [46] . The tunable PIR response can be used for better detection and modulation with enhanced localized electric field due to the reflecting surface at the bottom [47] [48] [49] [50] .
Graphene is first ever discovered 2-D material, with a honeycomb lattice of carbon atoms. Graphene has remarkable optical properties that can be tuned by electrostatic doping. The optical response of graphene is explained by the Pauli blocking principle [51] , as graphene forms a conical band diagram. There are two kinds of band transition in graphene, depending on the incident photon energy. If the energy is less than 2E f , intra-band transition is pronounced; if the energy is higher than 2E f , inter-band transition is pronounced. The E f of graphene is explained as:
whereh is the reduced Planck's constant, n is the charge density, and ν F is the Fermi velocity. The E f of graphene can be controlled by changing the charge density on the graphene layer. The surface conductivity of graphene is modeled by considering it as an isotropic infinitely thin layer that is conductive from both sides. The intra-band and inter-band transitions are presented by the following equations, respectively: [52] 
where k B is the Boltzmann constant and e is the electron charge (a constant). However, T (temperature), Γ (scattering rate), µ c (chemical potential), and ω c (angular frequency) are the parameters that can be changed based on the conditions and graphene properties. Overall, graphene provides the possibility to miniaturize optical devices down to atom-layer thickness. It has the advantage of tuning the E f by applying the gate voltage, and it has a wide optical response range from terahertz to optical frequencies [53] . These properties make graphene the best candidate for long-range electrically tunable materials [54] .
In this work, we present two different designs to obtain PIR. In the first one, we used two rectangular plasmonic gold (Au) antennas with an Au disk at the center. Both rectangular antennas served as a single bright mode and the disk served as a second bright mode, and we achieved PIR by the coupling/detuning of these modes. In the second device, we used only two rectangular Au antennas with different lengths, both serving as the bright modes. The PIR response of devices was tuned by changing the E f of graphene at the bottom.
Numerical Investigation
We numerically investigated both devices using the finite difference time domain (FDTD) method. We used commercially available Lumerical FDTD Solutions. The unit cell of the first device was composed of two rectangles and a disk at the center. The disk had a diameter (D) = 900 nm, both rectangular antennas had the length (L) = 1100 nm, width (W) = 200 nm, and the thickness of all structures Was kept at 50 nm. The rectangular antennas were placed 150 nm away from the edge of the disk. The unit cell was periodic in x and y axes, with a periodicity of 2 µm. The perfect matched layer (PML) boundary condition was applied in the direction of propagation (i.e., z axis). The unit cell and 3D schematic of this device are presented in Figure 1a ,c, respectively. The devices were illuminated by a plane wave propagating along the z axis direction, with electric field component (E) parallel to the x axis. For the simulations, silicon (Si) was used as a substrate with 100 nm of aluminum (Al) as a reflecting surface and 50 nm of aluminum oxide (Al 2 O 3 ) as an insulator layer. The graphene layer was introduced as a dispersive 2-D material between the oxide layer and 50-nm-thick Au PIR structures. The Γ of graphene was set as 2.4 × 10 12 s −1 , which is complementary to experimental works [12] , T was set as 300 K, and µ c was varied from 0.2 to 0.8 eV.
The reflection spectrum of the device is presented in Figure 2 . The disk showed a strong response and produced resonance at a shorter wavelength (3.62 µm), as shown in the inset of Figure 2a (pink color). Similarly, the two rectangular antennas also had a strong response at a longer wavelength (4.39 µm), shown in the inset of Figure 2a (green color). There Was no PIR response when the structure itself was excited individually. However, when we brought them to an optimum distance of 150 nm, the PIR response was produced by the detuning of the two resonances (3.94 µm). This PIR response could be controlled by the size and shape of the structures. In this study, in order to tune the PIR response, the E f of the graphene layer was increased from 0.2 to 0.8 eV. The simulation results for 0.2 eV (black), 0.5 eV (blue), and 0.8 eV (red) are presented in Figure 3a . As the E f of graphene increased, a blue shift was observed in the PIR response of the device. For the second device, we used two parallel rectangular Au antennas with two different lengths (L1) = 1.0 µm and (L2) = 0.8 µm. The width of the antennas was 200 nm and they were separated by 200 nm (D). The periodicity of the device was 1.5 µm along the x axis and 1 µm along the y axis. The unit cell and 3D schematic of the second device are presented in Figure 1b ,d, respectively.
The simulation results of the second device were quite similar to our first design, with a slight shift in the PIR-effect due to the smaller dimensions. Both antennas had their own resonances at 3.49 µm and 4.22 µm for shorter and longer wavelength, respectively, as shown in the inset of Figure 2b . The PIR response was achieved by detuning these bright modes at 3.80 µm, as presented in Figure 2b .
The E-field results for the resonance wavelengths of 3.62 µm and 4.39 µm are shown in Figure 3a ,c, respectively. Moreover, the E-field magnitude for reflection peak at 3.94 µm is presented in Figure 3b . These results show that the disk and rectangular antennas were individually excited at their resonance wavelengths and acted as the bright modes. However, at 3.94 µm both structures were excited simultaneously to produce the PIR-effect.
The E-field results for the second device showed that the shorter antenna was excited at 3.49 µm and the longer one at 4.22 µm, as shown in Figure 4a ,c, respectively. On the other hand, at 3.80 µm both of the rectangular antennas were simultaneously excited, resulting in the PIR-effect (Figure 4b 
Experimental Investigation
The second device was fabricated as described in the Materials and Methods section. The scanning electron microscopy (SEM) of the fabricated sample is presented in the inset of Figure 5 . The reflection measurements were done using a Fourier-transform infrared spectroscopy (FTIR) device integrated with a microscope. We used the microscope focus individual matrix of sample 200 × 200 µm 2 . The E f of the graphene was tuned using top gating method, the gate voltage was changed from −0.6 V to 2.4 V, corresponding to the E f of 0.5 and 0.8 eV, respectively-the details are explained in Reference [12] . A blue shift was observed in the PIR by changing the gate voltage from to 2.4 V (red) presented in Figure 5 , and a red shift was observed by applying −0.6 V.
Discussion
For the first device, a total shift of 306.6 nm was observed by changing the E f from 0.2 to 0.8 eV. Similarly, for the second device a total shift of 362.2 nm was observed by the numerical investigation. In the experiment, the total shift of 184.4 nm was observed for a 3 V change in the gate voltage. In order to quantitatively investigate the change in the intensity of reflection by changing the E f of graphene, the modulation depth (M depth ) was defined as
where R is the reflection at minimum E f and R g is the reflection at maximum E f . The M depth of the first device was 50% and it was 53% for the second device. The spectral contrast ratio (S con ) is used to evaluate the performance of the PIR response in optical applications, and is described as:
where R peak is the intensity of the reflection peak and R dip is the intensity of the resonance dip. The S con of our first device was 76.7% and 76.3% for the second device. Moreover, a good agreement of simulation and experimental results was observed for the second device, providing proof of the concept. The electrically tunable devices can be used for tunable sensing and switching application.
Materials and Methods
The device was fabricated on top of Si substrate, a 100-nm Al layer was deposited using electron-beam evaporation, and a 50 nm smooth layer of oxide was deposited using atomic layer deposition (ALD) technique for better lithography. Commercially available chemical vapor deposition (CVD)-grown graphene on Copper (Cu) was transferred on top of the oxide layer by etching the bottom side graphene and Cu. Later, the sample was coated with poly (methyl methacrylate) (PMMA) resist and a conductive polymer by spin-coating and baking. The sample was exposed to electron beam lithography and developed using methyl isobutyl ketone (MIBK):isopropyl alcohol(IPA) in a 1:1 ratio. The developed sample was coated with 5 nm of titanium (Ti) for better adhesion and 50 nm of Au. The sample was left inside the acetone for 24 h for the lift-off process. The SEM image of the device is presented in the inset of Figure 5 .
The top gating method was used to apply the gate voltage to graphene. The second substrate (BaF 2 ) was fabricated using photo-lithography to make the metal contacts at the corners and transparent window at the center for optical measurements. This substrate with metal contacts was placed on top of the PIR device and separated by an insulating tape. An ionic liquid was inserted between the two substrates; a source was connected to the graphene layer and metal contacts using a conductive tape [33, 34, 55] . By applying the gate voltage, capacitance was produced between the graphene layer and the gold contact due to the presence of ionic liquid, and we could control the charge accumulation on top of the graphene layer. This control of charge accumulation was used to tune the E f of the graphene layer.
Conclusions
Overall, the PIR was realized by simple designs of metasurfaces on top of a graphene layer. Furthermore, our hybrid metal-graphene structure could achieve an electrically tunable PIR-effect. The total shifts of 306 nm and 362 nm were observed in the first and second device by changing the E f from 0.2 to 0.8 eV. Moreover, a total shift of ∼184 nm shift was observed experimentally by applying 3 V. These PIR designs with the M depth of 53% and S con of 76% are suitable for effective optical modulation and switching applications. 
